Leptin is involved in the regulation of body weight, but the relative role of genetic and environmental in¯uences on inter-individual variation in leptin levels is unknown. DESIGN AND SUBJECTS: To investigate the genetic and environmental contributions to the association of body mass index (BMI) with serum leptin levels, 58 monozygotic (MZ, 27M, 31F), and 74 like-sexed dizygotic (DZ, 32M, 42F) Finnish twin pairs aged 50 ± 76 y were studied. MEASUREMENTS: Serum leptin levels, weight, height, hip and waist measurements. RESULTS: Women had higher mean leptin levels (16.8 AE 9.5 ngaml), and more overall variability in leptin levels than men (6.4 AE 3.5 ngaml; P`0.0001). Leptin levels correlated highly with BMI in men and women. Among women, the MZ and DZ pairwise correlations for leptin were 0.41 (P 0.009) and 0.07 (P 0.32), respectively. Among men the MZ and DZ pairwise correlations for leptin were 0.47 (P 0.006) and 0.23 (P 0.10). Univariate twin analysis indicated that, among women, 34% and, among men, 45% of the variance in leptin can be attributed to additive genetic effects, and the remainder to unique environmental effects. Signi®cant non-additive genetic or shared familial effects could not be demonstrated. A bivariate twin analysis of leptin and BMI indicated that the correlation between additive genetic effects on leptin and BMI was 0.79 (95% CI 0.68 ± 0.86) in women, and 0.68 (0.51 ± 0.80) in men. The correlation between environmental effects on leptin and BMI was 0.77 (95% CI 0.66 ± 0.85) in women, and 0.48 (0.26 ± 0.66) in men. CONCLUSION: Leptin levels are moderately heritable in older adults, and a substantial proportion of genetic effects are in common on leptin levels and obesity in both women and men.
Introduction
Leptin is a 167-amino-acid protein transcribed from the leptin (ob) gene and expressed mainly in adipose tissue. The hormone is proposed to be involved in the regulation of body weight, energy expenditure and food intake.
1 ± 3 The human leptin gene is located on chromosome 7q31. Its DNA has more than 15 000 base-pairs and there are three exons. The discovery of the ob gene in 1994 and its receptor (db) in 1995 ± 1996 have, however, not resolved the question of the role of genetic and environmental factors in leptin production and levels.
Human studies have suggested a resistance to the action of leptin at the receptor or post-receptor level in association with obesity, leading to increased serum leptin concentrations. In humans leptin levels are increased in obesity and re¯ect the amount of adipose tissue in the body. 4 ± 6 Leptin has been proposed to be part of a closed loop system informing the brain about the amount of adipose tissue in the body. However, the leptin concentrations in human obesity are somewhat heterogenous and around 5% of obese humans have decreased leptin levels in proportion to body fat amount.
Two recently published reports on leptin levels among twins have focused upon the role of genetic and environmental in¯uences on variation in leptin levels. 9, 10 These studies were based on a small number of twins, and there was a certain selection bias in these earlier twin studies. One study only included young female twins 10 and in the other only monozygotic twins highly discordant for obesity. 9 Therefore these studies could not estimate the heritability of leptin unequivocally. Also, heritability may vary with age, gender and with environmental context. Obesity and metabolic disturbances in humans affect primarily postmenopausal subjects. Only a twin study with both monozygotic and dizygotic, preferably postmenopausal, twins of both sexes can fully explore the relative role of genetic and environmental in¯uences on inter-individual variation in leptin levels. We here report results from analyses of leptin levels among a random sample of Finnish twins. We also explored the contribution of genetic and environmental effects to the association between obesity and leptin levels.
Materials and methods
The Finnish Twin Cohort Study aims at studying genetic and environmental determinants of chronic disease and their risk factors. 11 A baseline questionnaire was administered in 1975 to twin pairs born before 1958, with an individual response rate of 89%. Twin zygosity was determined by examining the responses of both members of each twin pair to two questions on the similarity of appearance at primary school age in 1975. A set of decision rules was used to classify 93.1% of the twin pairs as monozygotic (MZ) or dizygotic (DZ), while for 6.9% zygosity remained undetermined. The questionnaire method of zygosity determination has been shown to be highly accurate in a validation study using genetic markers. 12 For the present study, a sample of twin pairs of known zygosity over the age of 50 y and unselected for their health status were identi®ed from the Twin Cohort and asked to participate in a study of glucose metabolism. 13 For the present analysis, all subjects with diabetes were excluded. The ®nal sample size was 132 pairs: 31 female (FMZ) and 27 male monozygotic (MMZ) and 42 female (FDZ) and 32 male (MDZ) like-sexed dizygotic twin pairs. The mean age of the twin pairs was 61.4 y (s.d. 5.4, range 50.0 ± 76.5 y).
A questionnaire on health history, current medication and selected health behaviours was completed. Body weight (to the nearest 0.2 kg) and height (to the nearest cm) were measured with subjects in light clothing without shoes. Body mass index (BMI) was computed as weight ( kg)a(height (m) 2 ). Waist circumference was measured with a soft tape midway between the lowest rib and the iliac crest. Hip circumference was measured at the widest part of the gluteal region, ie over the great trochanters. Waist-to-hip ratio (WHR) as a measure of abdominal obesity was calculated. Waist and hip measurements were missing for four subjects (one male DZ, one male MZ and two female MZ twins from four pairs).
Fasting blood samples were drawn for the measurement of the serum leptin concentration. The serum leptin concentrations were determined by a commercial radioimmunoassay (Linco Research Inc., St Charles, MO, USA) with an intra-assay CV of 2.7% ± 9.9% and interassay CV of 9.1% at 4 ± 8 ngaml and 7.4% at 20 ngaml.
Statistical analyses
To estimate genetic and environmental components of variance for leptin, standard univariate twin analyses were carried out. 14, 15 These included tests of homogeneity of means and variances across twin type, which were all non-signi®cant for both male and female pairs. Then, we performed maximum likelihood analyses based on sample covariance matrices to estimate the components of variance, as described in detail elsewhere. 16 Under the current study design of twins reared together, it is possible to model four separate parameters: an additive genetic (A) component, effects due to dominance (D), and shared (C) and non-shared (E) environmental components. One can ®t models based on the different combinations of these parameters: AE, ACE, ADE and E, but effects due to dominance, additive genetic effects and shared environmental effects cannot be simultaneously modelled with data limited to that from twins reared together, because the models are not identi®ed. 16 Thus, it is not possible to distinguish a purely additive genetic effect from the combined in¯uence of additive genetic, genetic effects due to dominance, and shared environmental effects. However, parsimony would support accepting a simple model until evidence in support of a more complex model requires us to abandon it. Chi-square goodness-of-®t statistics were used to assess how well the models ®t the data. The superiority of alternative, hierarchically nested models was assessed by the difference in chi-square values of the models. The difference is chi-square distributed with degrees of freedom equal to the difference in degrees of freedom of the models to be compared. This was done to compare models, where different components of variance have been speci®ed. 14 We also carried out a bivariate twin analysis to examine whether the genetic and environmental effects on leptin are correlated with the genetic and environmental effects on obesity assessed as body mass index. The analysis explores to what extent the observed covariance between leptin and body mass index can be accounted for by a correlation between additive genetic effects (r a ) and a correlation between the unique environmental effects of leptin and body mass index (r e ). Also, the correlation between genetic effects due to dominance (r d ) and the correlation between shared environmental effects (r c ) may be estimated when such effects are included in the model. The analysis was carried out using a bivariate Cholesky decomposition parametrization. 16 The covariance matrices were estimated using Heritability of leptin levels in twins J Kaprio et al PRELIS and the structural models estimated using the Mx program. 17 Descriptive statistics and linear regression (using PROC GENMOD) was carried out in SAS (version 6.12 for PCs, SAS Institute, Cary, NC, USA).
Results
Descriptive statistics and gender differences The mean leptin concentration was higher and its variability larger in women (16.8 AE 9.5 ngaml) than men (6.4 AE 3.5 ngaml), P`0.0001 for tests of equality of means and equality of variances. Because means, variances and covariance structures of leptin values differed between men and women, analyses were performed separately for men and women. Due to the relatively narrow age range in our sample there was no correlation between leptin and age (r 0.05 for both men and women). The distribution of BMI differed by sex: 27.1% of men and 39.0% of women had a BMI under 25, while 13.6% of men and 19.9% of women had a BMI ! 30.
Pairwise analyses of leptin levels
The means and variances in leptin levels and BMI among the male twin pairs are shown in Table 1 . The means of leptin did not differ by the twin type (P 0.11), nor did the variances (P 0.87). The absolute intrapair difference in leptin in MZ pairs (3.00) was not different from that in DZ pairs (3.31). The intraclass correlation for leptin in male MZ pairs was 0.465 and in male DZ pairs 0.226.
Among the female twin pairs the means of leptin did not differ by the twin type (P 0.80) either, nor did the variances (P 0.27). The absolute intrapair difference in leptin in MZ pairs (6.75) was smaller than that in DZ pairs (9.72). The intraclass correlation for leptin in female MZ pairs was 0.410 and in female DZ pairs 0.075.
Components of variance for leptin were estimated by maximum likelihood to the covariance matrices using alternative models for men and women separately (Table 2) . Among men, the AE model was superior to the E-model (P 0.005 for the change in goodness-of-®t). The AE-model, including both unique environmental effects and additive genetic effects, ®t the data well (P 0.84). The ADE-model and the ACE-model were not signi®cantly superior to the AE-model (goodness-of-®t differences non-signi®cant). Moreover, in the ADE-and ACE-models the standard errors of the dominance variance and the common, shared variance components were larger than the estimates themselves in these two models. Thus, the most parsimonious explanation of the data for male twins was obtained by the AE-model with the additive genetic variance and the unique environmental variance. The proportion of phenotypic variance due to additive genetic effects in male twins was 44.8% and the rest 55.2% was due to unique environmental effects, including measurement errors.
Among women, too, the model estimating the unique environmental component alone ®t the data poorly. A signi®cantly better ®t (goodness-of-®t difference P 0.02) was obtained by the AE-model, which gave an adequate ®t to the data (P 0.45). The ADE-model and the ACE-model were not signi®cantly superior to the AE-model (goodness of ®t differences non-signi®cant). Thus, also in female twins the most parsimonious explanation of the data was derived by the AE-model. The proportion of phenotypic variance due to additive genetic effects was 33.6% and the rest 66.4% was due to unique environmental effects.
Even though the relative proportion of the total variance in leptin attributed to genetic factors was greater among men than women, the genetic variance was over ®ve times larger in women than in men (Table 2) , because the overall variability in leptin was larger in women.
Obesity and leptin: bivariate analysis
Among all men, the leptin concentration correlated signi®-cantly both with BMI (r 0.55), WHR (r 0.36) and waist circumference (r 0.57), as well as in all women (r 0.74 for BMI, r 0.26 for WHR and r 0.66 for waist circumference). The linear regression of leptin on BMI was weaker in men (regression coef®cient 0.66, standard error 0.11) than in women (regression coef®cient 1.59, standard error 0.16); the fact that observations were on individuals within twin pairs was taken into account when computing standard errors.
Model ®tting of leptin and body mass index
The nature of the association of BMI with leptin was explored by a bivariate analysis of the twin data. The models were ®t to the four sample covariance matrices of leptin and BMI in the twins, strati®ed by zygosity, and analysed separately for male and female twin pairs. The model ®tting procedure started by ®tting bivariate AE- Heritability of leptin levels in twins J Kaprio et al models which specify additive genetic and environmental effects on both leptin and BMI with correlations between the genetic and environmental effects (Table 3 , model I). Next, these AE models were modi®ed and ®t to the data again. No improvements in model ®t were obtained by placing constraints on the genetic correlations between BMI and leptin. Actually, the modi®cation of the basic AE-model resulted in a signi®cantly worsened model ®t (Table 3 , models II and III). Thus, it was possible to reject the null hypothesis that no genetic correlation between BMI and leptin existed (model II). Also, we rejected the hypothesis specifying that all genetic in¯uences on leptin and BMI were the same. Under the best-®tting AE-model, in men, 28% of variance in BMI and 37% of variance in leptin was due to additive genetic effects, which were also highly correlated (r g 0.68) (Figure 1 ). In women, genetic effects accounted for 52% of BMI and 37% of the variation in leptin, with a correlation (r g ) of 0.79 (Figure 1 ).
Discussion
The bivariate analysis of BMI and leptin indicated that the correlation between genetic effects on these two traits was large and consistent in both sexes. These results suggest that the association of obesity and leptin may be due primarily to common or correlated genetic effects. On the other hand, although environmental sources of variation contributing to individual differences in BMI and leptin were correlated somewhat more weakly than genetic effects, they were still substantial. Thus leptin and BMI share common environmental determinants in addition to sharing some, but not all of their genetic determinants. Of the non-genetic factors diet and hormonal factors seem to be involved in the regulation and the control of leptin levels. 18 ± 20 In a previous study in Finnish identical twins who were discordant for obesity, serum leptin levels were higher in the obese than in the non-obese twins supporting the importance of environmental factors in determining leptin levels. 9 This ®nding might be caused by increased gene-expression and increased leptin production in association with obesity. Since only identical twins were included in the study, it was not possible to estimate the relative contribution of genetic and environmental factors to the leptin concentration. Also of interest is that our genetic analyses did not ®nd evidence for shared environmental effects on leptin, such as social class effects or other determinants common to all family members. This study does not permit inferences of whether effects due to dominance, ie non-additive effects, are necessary to describe the genetic architecture of leptin, because the overall power of twins studies to distinguish additive from non-additive effects is weak. 16 The heritability estimate for leptin in female twins was clearly lower than that recently reported for young Polish female twins. 10 The heritability estimates depend on the levels in the population and other population-speci®c factors, and it has been shown for instance that the heritability for BMI decreases signi®cantly with age. 21, 22 In keeping with a large body of previous observations, in our study women also had signi®cantly higher levels of leptin than men, and also more variability in leptin levels. Despite a similar degree of obesity, as assessed by body mass index (BMI) the leptin levels were 2 ± 3 times higher among female than male twins. The leptin concentration has been found to correlate strongly with adiposity regardless whether adiposity is expressed as percentage body fat or BMI.
3,8 Much of the difference between men and women has been suggested to be due to gender-differences in the fat distribution. This has been partly based on ®ndings suggesting a stronger 23 reported that, even though gender has a major in¯uence on leptin levels, women have higher leptin levels than men at any level of adiposity.
Adiposity or degree of body fat has been found to account for 50 ± 65% of the variance in leptin levels. 3, 6, 8, 24 Visceral fat is the most metabolically active adipose tissue depot. Consequently strong correlations between abdominal obesity and leptin concentrations have been observed previously. 25 In our study, however, the correlation of leptin was higher with BMI than with WHR.
Since previous ®ndings and our results clearly demonstrate that a marked variability in leptin levels occurs even at a comparable degree of obesity, other factors in addition to the amount of body fat must be involved in the regulation of leptin concentrations in humans. This gender difference in leptin is already apparent in prepubertal children. 26 However, at birth no gender differences in leptin levels have been observed. Likewise the gender differences in several sex hormones at birth are small. 27 By the third day after birth gender differences in sex hormones and likewise in leptin levels start to occur. It has been suggested that the prevailing sex-steroid milieu, not the genetic sex appears to have a major impact on serum leptin levels. 28 Testosterone and its metabolite, dihydro testosterone, down-regulate leptin secretion, while estradiol stimulates leptin secretion in women. 29, 30 Testosterone has a suppressive effect on leptin production as re¯ected by the circulating levels of leptin. 20 The inverse relation between testosterone and leptin has been found to be independent of BMI. 19 It has been suggested that leptin may mediate the signal permitting sexual maturation and reproduction to take place. This may further explain a part of gender-differences in leptin levels. According to this hypothesis, one would expect that the gender-difference would became smaller after menopause, but this seemed not to happen in our study of postmenopausal twins. Actually, we did not see any inverse relationship between age and leptin in either gender. This is somewhat in contrast to previous ®ndings where age has been inversely correlated to leptin levels and a considerable decrease after the age of 60 y has been observed. 6, 24 There are, however, other studies unable to ®nd an inverse association between leptin levels and age. 7, 31 In conclusion, this study provides ®rm evidence for a moderate genetic effect in determining the leptin concentration both in men and women. The genetic effects on both leptin levels and obesity seem to be partly but not entirely in common. Although environmental sources contribute to the individual variation in leptin and BMI, the association between leptin and obesity is primarily due to common genetic effects. Heritability of leptin levels in twins J Kaprio et al
